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Ordered mesoporous carbons (OMCs) have shown great promise for a variety of ap-
plications, including catalysis, electrochemistry, selective sequestration, drug delivery, and
separations chemistry. This versatility is based on their high surface area, regular ordered
pores, tunable pore size and structure, physical durability and low reactivity, diverse poten-
tial surface functionalization, and adaptable synthesis routes. Furthermore, their durability
in an oxidizing environment, such as that produced by radioactive decay, and ability to
protect internal functional groups make them particularly well-suited to radiochemistry ap-
plications. In this work, OMCs have been explored for the selective extraction of lanthanides
from solution through the use of surface-attached tropolone and bis-2-ethylhexyl phosphoric
acid functional groups. The ultimate goal of this research is to gain a fundamental under-
standing of the interaction between material properties and separations behavior to inform
development of novel and improved lanthanide extraction methods.
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The research documented in this thesis is part of a joint project between Professors
Brian Trewyn and Jenifer Braley at the Colorado School of Mines and Dr. Peter Zalupski at
Idaho National Laboratory. The purpose of the overall project is to develop a fundamental
understanding of how the structure and porosity of mesoporous carbons relate to their ef-
fectiveness for separations, in this case selective f -element extractions. The research intends
to investigate various functionalized mesoporous carbon materials for their effectiveness in
several lanthanide and actinide separations, extensively developing materials syntheses and
determining what makes them most effective for extractions and separations. Ultimately
such knowledge could be used for numerous applications, including the rapid separation of
radioactive materials after an unknown nuclear detonation, the separation of neodymium
and other valuable rare-earths from nuclear waste, and the selective extraction of Am and
Cm from nuclear waste for recycling as fuel. For the research involved in this thesis, we
focused on Nd and lanthanide extractions as the intended application. Figure 1.1 illustrates
the general long-term goal: the creation of extraction–tailored OMCs for use as a column
packing material.
Ordered mesoporous carbons have been widely tested for separations1–11, including the
separation of uranium and plutonium from natural water systems.12–16 Notably when applied
for U and Pu adsorption OMCs have been found to out-perform activated carbon and exhibit
promising re-usability for multiple rounds of separation. Due to their high surface areas,
uniform pore size distribution, and ordered pore networks, they exhibit superior adsorption
kinetics and capacity to other commonly used separation and extraction materials, most
notably activated carbon. Furthermore, studies by Dr. Zalupski have found MCNs to
be immune to oxidative damage in a radiolytic environment (a useful property for any
1
Figure 1.1: General illustration of long-term project goal. Representative SEM (upper) and
TEM (lower) images of MCN materials are shown. The selected reagents for lanthanide
extraction, HDEHP and tropolone, are shown in the inset.
2
radionucleide separations applications) and provide some level of resilience to functional
groups contained on the internal surface of the particles.
1.1 Mesoporous Carbon Nanoparticles
Since their discovery in the late 1990s,17–20 mesoporous carbons have been investigated
for a wide range of applications, including catalysis,2,21–26,26–32 separations,1,2,8,33 adsorp-
tion,3–5,7,11,34,35 lithium storage,36 electrode materials,10,30,37,38 drug delivery,39 and even pig-
ments40. The properties of these materials, including high surface areas, regular ordered
mesoporous, tunable pore size and morphology, large pore volumes, low reactivity, thermal
and mechanical stability, and selective surface functionalization, make them suitable for this
wide variety of applications.1,2,10,33,41–46 Recently there has also been extensive research into
heteroatom-doped OMCs, due to the additional properties this confers for catalysis and hy-
drogen storage.46 A variety of synthesis methods have been developed, with the majority
falling into one of two classes: Hard-templating or soft-templating, referring to the state of
the template used to construct the material. Hard-templating methods use a solid template,
typically mesoporous silica nanoparticles, to provide structure to the carbon precursors, while
soft-templating uses liquid crystals, typically block co-polymer surfactants (Figure 1.2). In
both cases the structure of the final nanoparticle is determined by the structure of the tem-
plate used in synthesis. This allows for the synthesis of structures which are tailored to
specific applications, such as optimizing pore diameters for separations applications.
A wide variety of possible morphologies for OMCs have been developed, from spheres to
rods to hollow shells. Various mesopore architectures are also possible, with hexagonal and
cubic symmetries being common examples.1,6 The majority of MCNs also exhibit intercon-
necting micropores within the network of mesopores, similar to SBA-15 type mesoporous
silicas.10,20,43,44,47,48 Various sizes of particles are also feasible, ranging from the micrometer
scale43 to 20 nm, the minimum size believed necessary to contain a mesopore network.39 As
a result of this variety it is possible to perform studies correlating the morphology and pore
structure to extraction and separations results, should such a correlation exist.
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Figure 1.2: Overview of the two main methods for synthesis of OMCs. Adapted from Xin
and Song 1 .
1.1.1 Hard-templating Methods
Hard-templating methods for synthesis of MCNs are based on the use of a solid material
as the template for carbon formation in solution. Generally, they consist of the following
steps: 1) Synthesis of template material. 2) Infiltration of template material with carbon
source, sometimes including a polymerization or aromatization catalyst. 3) Carbonization
to produce carbon-template composite material. 4) Removal of template material, typically
using strong acid or base. Frequently the porous structure of the template material yields
the sample geometry in the resulting carbon material. An example of the porous geometry
in mesoporous silicas is shown in Figure 1.3, with views from parallel and perpendicular to
the pore channels.
A variety of materials may be used as templates, with porous inorganic oxides dominating
the literature. Especially prevalent are mesoporous silicas, mainly due to their extensive
literature presence and tunable, highly ordered pore structures. Templating with MSNs
yields MCNs with inverse morphologies to the template material, additionally preserving
4
Figure 1.3: Schematic of MSN pore structure as viewed from above (left) and along (right)
the mesopore channels.
the structural geometry of the silica in the resulting carbons. Another interesting aspect
of using MSNs as the template is that the surfactant used as a template for the silica
itself can be used in part or in whole as a carbon source, although this typically yields
MCNs with higher oxygen content and somewhat less ordered structures.49 MgO is another
widely used material for templating, particularly in industry.2 While use of this template
yields disordered instead of ordered mesopores, it can easily be removed using a dilute
acid solution and recycled for further syntheses, allowing for large-scale syntheses to be
performed economically. Further research is ongoing into using other inorganic salts and
oxides as template materials, with the ultimate goal of creating an ordered, reusable template
material.1,45,50 Similar to the use of silicas as mesoporous templates, zeolites have been widely
applied to synthesize microporous carbon materials, their surface aluminum sites often used
as catalysts for polymerization of carbon precursors.19,33,45 More recently, metal-organic
frameworks have also been explored as templates for microporous carbons, with extensive
potential for the incorporation of metal sites and select functional groups from the framework
5
into the resulting carbon materials. For the research reported in this thesis, mesoporous
silicas were used exclusively as template materials due to the group’s experience working
with such materials and the desired mesoporosity of the final MCN materials.
While hard-templating methods are effective for the tunable synthesis of highly ordered
materials with dense walls, they have several drawbacks. It is more difficult to control the
pore sizes and distributions in the resulting MCN materials, due to their dependency on the
wall thickness of the silica (or other) templates. Furthermore, the synthesis and subsequent
removal using HF or NaOH of the silicas templates is wasteful, time-consuming, and haz-
ardous to the chemist. Due in part to these reasons, the majority of recent developments in
MCN research have focused on soft-templating methods.
1.1.2 Soft-templating Methods
Around 5 years after the initial discovery of OMCs and subsequent expansion in their
research, several groups reported organic-organic self-assembly synthesis methods.6,51–53 Es-
sentially, this method simplifies their synthesis compared to hard-templating methods: in-
stead of using surfactants to synthesize a MSN template, then use the MSN template to
synthesize OMCs and remove the template, surfactants are used directly as a template for
the synthesis of OMCs (note the comparison of the two routes in ??). The essential pro-
cedure as established by Meng et al. 6 and others, shown in Figure 1.4, is as follows: A
carbon precursor material, dominantly a branched resol polymer, is first synthesized. Then,
this precursor is mixed with a surfactant, typically a triblock copolymer from the Pluronic
family of polymers, and allowed to self-assemble around the the surfactant micelles. This
assembly is driven by hydrogen bonding and, to lesser degree, Van der Waals interactions
between the precursor and the surfactant.6,10,43,45 Once solution assembly has completed, the
precursor is thermopolymerized to yield polymer nanoparticles. It is then pyrolyzed under
N2(g) below 600
◦C to decompose the surfactant, and carbonized above 600 ◦C to convert
the polymer into a non-graphitic carbon structure. During this process, it is important to
increase the temperature at a slow rate to prevent loss of order due to rapid contraction
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of the carbon structure. Slow heating has been found to minimize structural contraction
during both pyrolysis and carbonization.6,39,54 Two main routes exist within this general
procedure: hydrothermal synthesis, where self-assembly occurs in solution; and evaporation-
induced self-assembly (EISA), where a volatile solvent is used during precursor-surfactant
mixing and self-assembly is driven by its evaporation. While the EISA method was the
first developed for soft-templating synthesis1,6, more recently research has preferred the hy-
drothermal synthesis method due to the fact that it is typically much more rapid, and is far
more feasible for application as an industrial process.1,2,10,41,46
Figure 1.4: Overview of the soft-templating method for the synthesis of MCNs. Source:
Meng et al. 6 .
A wide variety of morphologies have been developed using this procedure, including
monoliths, spheres, rods, worms, hollow shells, and films.
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1.1.3 Functionalization Routes
Another advantageous property of OMCs is their potential for surface functionalization
with a variety of surface groups, despite the low reactivity of these materials. The surface
of OMCs, while not clearly understood at present, is believed to be composed dominantly
of carbon, the majority of it in aromatically bonded networks.55 While they are not true
‘graphitic’ carbon, OMCs do consist of small graphene domains connected by non-aromatic
carbon bonds, with hydrogens present at dangling bonds on the edges.10 As such, function-
alization methods rely on highly reactive species, typically strong or selective oxidizers, free
radicals, or strong nucleophiles.56 It is also possible to directly synthesize OMCs with surface
groups, typically achieved through heteroatom incorporation during the synthesis.23,25,28,30
This results in materials with sites which are either inherently reactive or have potential
for further functionalization.1,46 Boron, nitrogen, phosphorous, and fluorine are the mostly
commonly used elements in these syntheses,11,23–25,28–30,36,38,57,58 although various metals have
also been employed.9,59–61 Most functionalization methods currently use post-synthesis mod-
ification to introduce functional groups to the surface of OMCs, typically using an oxidant
to create various C−O species on the material surface. Various oxidants are utilized, with
more powerful ones such as piranha etch dominating most of the literature.1,34,41,43,62 While
these are fast and effective for introducing diverse functional groups to the carbon surface,
they are quite harsh on the overall particle structure, resulting in a decrease in particle
surface area and loss of ordered pore structure. Due to these disadvantages, milder oxida-
tion methods have been developed, with ammonium peroxydisulfate appearing several times
in the literature.3,63 While these avoid the drawbacks of significant surface area loss and
degradation of structure, they still result in a variety of functional groups on the OMCs, an
undesirable property for selective extraction materials. Therefore other methods for surface
functionalization must be employed to attach select ligands to the surface.
Other methods besides oxidation included sulfonation1, polydopamine coating,64 and
even sonochemical methods13. Diazonium has also been established in the literature for
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several years, and yielded good results in terms of both selectivity and minimal damage to
the carbon surface.14 However, it is less flexible in which functional groups may be attached
and requires more steps in the procedure than the method of lithiation.22 Lithiation is a
relatively recent method developed by Joglekar et al. 22 in the Trewyn group here at CSM.
Instead of using strong oxidizers to break into the aromatic network on the carbon surface, it
exploits the extreme basicity of organolithium reagents to react with the surface hydrogens
present on OMCs (Figure 1.5), utilizing a reaction common to many organic syntheses.
Lithiation was chosen as the method for this project due to our group’s familiarity with the
procedure as well as the high selectivity it provides in functional group addition.
Figure 1.5: Two routes for reaction of n-butyl Li during lithiation. Source: Joglekar et al. 22 .
1.2 f -element Separations Methods
During the development of nuclear technologies from the 1950s through the 1970s, several
methods were developed for the separation of uranium, plutonium, americium, and curium
from radioisotope mixtures of decay products.65,66 These procedures use liquid-liquid extrac-
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tion techniques, and have been developed and employed in the industry for several decades.
Additionally, the TALSPEAK (Trivalent Actinide-Lanthanide Separation by Phosphorus
reagent Extraction from Aqueous Komplexes) process has been developed as a solvent ex-
traction process for lanthanide and minor actinide separations.65,67,68 Recently there has
been increased demand for rare earth elements from the lanthanide series, increasing both
extraction and recovery. Current methods not usable for large-scale water treatment69 or
materials recovery, creating need for an improved solid-liquid extraction process for the re-
covery of valuable rare-earths from nuclear waste as well as environmental wastewater. This
coincides with recent interest in solid phase extraction for uranium and plutonium as well
as lanthanides, are process which is more cost effective, safer, and environmentally friendlier
than currently employed liquid-liquid methods.30
Currently, the ion-exchange resin Ln Resin is a commonly used material for lanthanide
separations columns, manufactured by Eichrome.70,71 It consists of polymer spheres coated
with HDEHP and is sold in a variety of weight percents of HDEHP. This material was
originally developed during the 1970s and later commercialized.72,73 In this research, we
hypothesize the high surface area, mesoporosity, and ordered pore structure of MCNs will
make them superior extraction materials to Ln resins and activated carbons, and aim to




ORDERED MESOPOROUS CARBON SYNTHESES
Over of the course of my master’s research, I have performed numerous syntheses of
mesoporous carbon materials. The synthesis and functionalization of these materials has
constituted the bulk of my work and the main area of novel research for this project. This
is in keeping with the overall project goal of developing new materials to make advances in
current lanthanide separations technologies.
The majority of OMCs used in this project were synthesized using a previously reported
hard-templating method developed in the Trewyn group, with MSN-10 as a template ma-
terial.22. An additional batch of materials, denoted CMK-3 as per the literature20, were
synthesized using SBA-15 as a template, to provide initial insights into the effects of pore size
and particle size on separations results. Due to the comparative ease of the soft-templating
method of particle synthesis, initial syntheses of soft-templated mesoporous carbons have
also been performed, although my work in this project concluded before they were function-
alized or applied for lanthanide separations. Commercial activated carbon was also tested
as a separations material, although no syntheses of this material were performed for this
project.
2.1 Silica-Templated (Hard-templated)
Most of the OMC samples synthesized in this project were made using MSN-10 as a
templating material, with a few CMK-3 samples for comparison. MSN-10 was chosen in
part due to its smaller particle size and higher consistency in particle shape when compared
with SBA-15: a single sample of SBA-15 has a wide variety of particle sizes, while a single
sample of MSN-10 typically contains dominantly monodisperse particles.47 This consistency
allows for variations in particle size to be discounted when comparing separations results.
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Additionally, it is less well studied in the chemical literature, thus increasing the novelty of
this research.
The synthesis methods used in both cases are an adaptation of a typical hard-templating
strategy, where mesoporous silica template materials are infiltrated with a carbon source to
create reverse-templated carbon nanoparticles. This modified method was developed in the
Trewyn group principally by Dr. Madura Jogelkar.22 In it, 4 rounds of carbon impregnation
are used to yield a material with denser and more ordered wall structures than previously
reported methods. This density is a result of multiple steps of carbon formation, each new
addition of sucrose filling space which was left after thermal treatment of the previous sucrose
layer. The higher degree of order and more resilient structure are believed to be particularly
relevant to surviving the radiolytical separations environments in this study. However, it
should be noted that at present time we have not performed rigorous tests comparing the
durability of different MCNs in a radiolytic environemnt. This advantage is speculative,
based only on current understanding of the material properties of MCNs.
2.1.1 Silica Templates
Prior to synthesizing the MCNs, the MSN-10 and SBA-15 templates naturally needed to
be made. All the MSN-10 materials for this project were made using the same procedure
and in the same quantities, since the batch size was consistently sufficient for use in multiple
MCN synthesis. Their synthesis procedure is as follows:
MSN-10 type mesoporous silica was synthesized using a previously published procedure.74
Block copolymer surfactant Pluronic P104 (7.0 g, BASF) was added to 1.6 M HCl (224 mL,
273.0 g) and stirred at 55 ◦C for 1 h to dissolve it. Tetramethylorthosilicate (TMOS, 10.4 mL,
10.64 g, Aldrich) was then added to the solution drop-wise while rapidly stirring. The
mixture was further stirred for 24 h at 55 ◦C. Constant temperature is necessary during this
synthesis in order to obtain uniform nanoparticles.22,74,75 After stirring, the reaction solution
was hydrothermally treated at 150 ◦C in a pressurized reactor vessel for 24 h. After cooling
to room temperature, the solution was vacuum filtered and washed with copious nanopure
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water and methanol. The obtained white solid was then calcined at 550 ◦C in air for 6 h to
remove the surfactant.
The SBA-15 template material used in this project was synthesized using a standard (and
presently well-established) procedure.22,48,76,77 It is very similar to the procedure employed for
MSN-10, utilizing Pluronic P123 instead as a template and tetraethylorthosilicate (TEOS)
as a silica source.
MSNs were characterized using TEM and N2 physisorption in order to determine their
suitability for use as template materials. A characteristic TEM image of a single MSN-
10 nanoparticle is shown in Figure 2.1, showing the size, generally hexagonal shape, and
regular pore structure typical of MSN-10 particles. Approximate pore diameters for samples
were also determined from TEM images, corresponding to 10 nm, in good correlation to the
N2 physisorption data. MSN-10 samples were found to exhibit good homogeneity between
particles across the TEM sample, although the small size of these samples relative to the total
particle population limits the applicability of this information. TEM images were acquired
using a Philips CM200 TEM with a 200 kV LaB6 cathode.
Figure 2.1: TEM image of synthesized MSN-10 material, exhibiting regular pore structure.
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Nitrogen physisorption isotherms, acquired using a Micrometrics Tristar II 3020, were
used to determine total surface areas and pore size distributions. The Brunauer-Emmet-
Teller (BET)78 model for sample surface area was applied to the adsorption isotherms for
all samples, while the Barrett-Joyner-Halenda (BJH)79 model was used for calculating pore
size distributions and pore diameters. A characteristic isotherm for MSN-10 is shown in
Figure 2.2, a type IV isotherm with a clear hysteresis loop, indicative of mesopores.80 The
MSN-10 materials synthesized in this project all had surface areas of 400±10 m2/g, with
consistent pore sizes of 10 nm.
Figure 2.2: Characteristic N2 physisorption isotherm of MSN-10. Inset: BJH pore size
distribution plot of same material.
2.1.2 Resulting MCN materials
Both types of MCN materials were synthesized following the same basic procedure, dif-
fering only in the template material used. For a typical MCN-MSN-10 synthesis, 1.0 g of
MSN-10 was used as a template for carbon synthesis. This was thoroughly mixed with 1.07 g
sucrose and 7 mL nanopure water via sonication for 15 min., then transferred to a crucible.
2 drops of 98% sulfuric acid where added, and the mixture stirred to evenly mix the acid
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with the MSN-10/sucrose. The mixture was then heated in air to 100 ◦C for 6 h and 160 ◦C
for a further 6 h. After removing from the oven and allowing to cool, the solid was pow-
dered thoroughly prior to the next addition. Three further additions of sucrose were made
in following quantities: 0.68 g, 0.10 g, and 0.18 g; with 5 mL of water followed by 2 drops of
concentrated sulfuric acid and the mixture thoroughly stirred at each step. The same heat-
ing cycle was repeated after each of these additions. The resulting black powder was then
purged with nitrogen for 30 min in a tube furnace and carbonized at 900 ◦C for 6 h under
flowing nitrogen. Temperature was ramped to 900 ◦C over a period of 1.5 h, maintained for
6 h, then allowed to cool freely to room temperature. The silica templates were removed by
digestion in 30 mL of 10% HF solution for 24 h, followed by 4 washes with nanopure water
and 1 ethanol wash to remove the HF. Material was then dried in air for 16–18 h to yield
final MCN product.
MCNs were characterized principally using TEM, SEM, and N2 physisorption in order
to elucidate their surface areas and pore structures. Raman spectroscopy was also used to
study the graphitic nature of the carbon by comparing the D-band and G-band peaks, and
is discussed in the following chapter.
A summary of electron microscopy images of both MCN materials is shown in Figure 2.3,
exhibiting the differences between the two materials as well as their regular, ordered pores.
TEM and SEM provided structural information on the MCNs, as well as confirmation of the
apparent pore sizes. As can be seen in Figure 2.3(a) and Figure 2.3(b), MCN materials syn-
thesized from MSN-10 templates exhibited hexagonal particle structure with regular, parallel
pores running through the particles. Particles typically varied between 500 and 1000 nm in
diameter. Regular pores can be clearly seen inside the particles in Figure 2.3(a), and the
openings of these pores are discernible on their surfaces in Figure 2.3(b). This provides
evidence for the high porosity of these materials, and suggests a high degree of accessibility
to the pores themselves. Measurements of the pore diameters in TEM images yield a value
of approximately 7 nm, in good agreement with the values found via N2 physisorption (Fig-
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ure 2.4). Images of the CMK-3 materials, Figure 2.3(c) and Figure 2.3(d), show them to
exhibit rope-like morphology typical for such carbons1,20,81. In particular, regular ordered
pore channels can be seen in Figure 2.3(c) running parallel to the particle structure, showing
that the porosity of the template material was successfully replicated in the MCNs. The
greater particle size of the CMK-3 as compared with MCN-MSN-10 is also apparent in these
images, particularly from a comparison of Figure 2.3(b) and Figure 2.3(d).
(a) TEM of MCNs synthesized using MSN-10 template.(b) SEM of MCNs synthesized using MSN-10 template.
(c) TEM of CMK-3 material. (d) SEM of CMK-3 material.
Figure 2.3: Representative TEM and SEM images of MCNs
synthesized using MSN-10 and SBA-15 mesoporous silica templates.
N2 physisorption isotherms are shown in Figure 2.4, and results of BET and BJH calcu-
lations are summarized in Table 2.1. All MCN-MSN-10 samples showed a double hysteresis
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loop, believed to correspond to the two distinct mesopore sizes evident in the pore size dis-
tribution. This is likely a result of the varied wall thicknesses in MSN-10 leaving different
spacings in the carbon structure once the template has been removed. Another possibility
is the contraction of the carbon structure during carbonization causing pores on the outer
layer of the particle, which would be less supported by the silica framework, to expand. As
can be seen in the pore size distribution, the peak corresponding to the upper hysteresis loop
is much wider, indicating a broad distribution of pore sizes on the higher end. These larger
pores may result in better access to the inside of the material during the separations ex-
periments. CMK-3 exhibits a comparatively narrow hysteresis loop, however the variability
which commonly occurs in isotherm positions prevents any meaningful comparisons. CMK-3
also exhibits a much more consistent pore size distribution, with smaller pore widths but an
overall lower surface area.
Figure 2.4: Characteristic N2 physisorption isotherms of MCN materials. Inset: BJH pore
size distribution plot.
TGA measurements were made using a TA Instruments TGA Q500. A typical TGA
profile for MCN is shown in Figure 3.4 (black curve). The initial 10% loss of mass between
100 ◦C and 250 ◦C is attributed to the loss of water from the sample (samples were typically
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Table 2.1: Summary of material surface properties.
Sample BET Surface Area (m2/g) BJH Pore Diameter (Å)
MCN-MSN-10 746 69
CMK-3 626 35
not dried before TGA analysis). Mass then remained constant until around 600 ◦C, at which
point the carbon framework itself began to combust, rapidly losing mass until the end of
the run at 800 ◦C. Note that due to the rate of heating during TGA analysis, around
40% of the MCN mass remains at the end of the run, since it was not maintained at high
temperatures long enough to completely combust. For the base MCN materials, this shows
the MCNs to be resilient even to relatively high temperatures, and contain no detectable
surface functionalities.
In summary, MCNs were synthesized using two types of mesoporous silica, MSN-10 and
SBA-15, as templates. The majority of samples were made using MSN-10 templates, due to
the limited presence of this material in the literature providing greater potential for further
research. MSN materials consistently exhibited high surface areas, pore sizes and volumes,
and regular ordered pore structures. Some variability was found between samples regarding
particle aggregation, with some samples exhibiting assemblies of dozens of particles while
others showed no aggregation whatsoever. However, no correlation between aggregation and
surface area properties has been found, and it remains to be seen whether particle aggrega-
tion impacts separations results. Once synthesis and characterizations were completed, the
materials were then applied for separations chemistry, either through physisorption loading
of separations ligands or functional attachment of ligands to their surface.
2.2 Soft-Templated MCNs
As mentioned previously (see Introduction), the hard-templating method has several
drawbacks: longer synthesis times, waste of template material, use of HF for template etch-
ing, and greater difficulty in controlling pore size and wall thickness. Mostly due to the
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time-consuming nature of this procedure, initial investigations of the soft-templating syn-
thesis method were performed for this project. After an investigation of the current (rather
extensive) literature on soft-templating methods for MCN synthesis, the nanoparticle syn-
thesis method of Li and Xue 54 was chosen as a suitable starting point. This is due to the
simplicity of their method, high surface areas and ordered nanoparticles reported in the pa-
per, and apparent ease of adapting the method for larger-scale syntheses. Synthesizing larger
quantities of material, on the order of 10s to 100s of grams, will be necessary to perform
column separations studies in the future.
Soft-templated MCNs, labeled MCN-ST-XX (XX denoting synthesis number), were syn-
thesized for this project by modifying the procedure of Li and Xue 54 to use larger quantities:
Resol precursor solution was prepared by stirring 0.809 g phenol (liquefied) with 1.15 mL
2 M NaOH and 21.85 mL nanopure water with 3.2 mL formaldehyde (36.5% soln.) for
2 h at 70 ◦C. The solution was then diluted with 77 mL nanopure water and stirred for a
further 10 h at 70 ◦C. The flask was removed from heat, and the solution stored at room
temperature without nitrogen protection for use in synthesis. F-127 micelle solution was
prepared by dissolving either 3.2 or 0.8 g of Pluronic F-127 in 25 mL nanopure water at 5 ◦C
for 24 h. MCN-ST materials were synthesized by stirring 50 mL resol solution with 12.5 mL
F-127 solution at 70 ◦C for 2 h. Solution was then transferred to a Parr reactor, diluted with
187 mL nanopure water, and heated to 180 ◦C for 4 h. After hydrothermal treatment, the
resulting yellow solid was vacuum filtered, washed with ethanol, and dried in air for 14–18 h.
Samples were carbonized in quartz boats using a tube furnace heated to 410 ◦C for 2 h and
700 ◦C for 4 h, ramp rate of 1 ◦C/min. The resulting black powder was collected, weighed,
and characterized.
At present, only N2 physisorption, TEM, and SEM have been used to characterize initial
MCN-ST samples, with inconsistent results. The samples synthesized for this work have
not exhibited the consistent morphologies, ordered pore structures, or high surface areas
reported by Li and Xue 54 , instead having no consistent morphology visible in SEM or TEM,
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and no obvious pores visible in TEM images. Furthermore, surface areas reported by N2
physisorption have been substantially lower than reported values. However, the samples
still exhibit high surface areas, in the 500-600 m2/g range, and reported narrow pore size
distributions, and thus they may be suitable for separations efforts. More work remains to
be done to determine if these materials are effective for such, and if the materials reported




Now comes the most interesting part, the primary novel aspect of this project: the
functionalization of MCNs with two selected extractants in order to make a significant ad-
vancement in lanthanide separations methods (provided all goes well). Previous research
into MCNs for actinide extractions has studied the basic or oxidized carbon materials them-
selves12, or the use of more generic ligands for extraction of uranium13,14,30 or the lan-
thanides69. To my knowledge no one has combined lanthanide-specific extractants with
mesoporous carbons to develop improved, selective extractant materials for use in new pro-
cesses of lanthanide separations. We have been doing exactly that.
Two methods were used in this project for the introduction of extractants into MCNs:
basic physisorption and direct chemical attachment using lithiation. Physisorption was em-
ployed principally as an initial and rapid method for testing our hypothesis. It was performed
by mixing a specific mass of MCNs with a constant number of moles of extractant in solution,
then allowing the solvent to evaporate, leaving the extractant deposited on the surfaces of
the MCNs. Chemical attachment is the primary goal of the overall project and represents
the primary novel aspect of this project. Standard organic chemistry lithiation techniques
were adapted to enable attachment of brominated ligands to the relatively unreactive surface
of the MCNs.
The two extractants used were bis-2-ethylhexyl hydrogen phosphate (HDEHP) and 2-
hydroxy-2,4,6-cycloheptatrien-1-one / tropolone. These were chosen for the project proposal
by Dr. Braley from among established lanthanide extractants due to their rapid separations
kinetics, high selectivity, and most importantly, their potential application as surface func-
tional groups. Both contain several reactive sites which may be used to form bonds between
the ligand and the MCN surface.
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For the first phase of material synthesis, HDEHP was chosen as the first candidate for
physisorption, while tropolone was chosen for use in lithiation. HDEHP is a liquid at room
temperature, and thus easier to load into the MCNs via physisorption. Tropolone in turn is
easily brominated at its alkenyl carbons (Figure 3.2), thus requiring minimal work for use
in our lithiation procedure. HDEHP requires more preparation for use as a lithiation group,
so each of the ligands chosen for this project lent itself well to one of our two pathways of
interest. Tropolone was also used for physisorption to provide an initial comparison of the
performance of these two extractants.
3.1 Physisorption of Ligands
Various samples were physisorbed with a range of masses of the two ligands used in this
project: CMK-3 MCN, MCN-MSN-10, and activated carbon as a control. Extractants were
physisorbed on the MCNs using a simple diffusion method: 0.5 mL of HDEHP solution in
hexanes (0.303 mmol HDEHP) was added to 62.5 mg MCN and allowed to sit for 18 h. The
material was then washed once with water, centrifuged, and freeze dried overnight to drive
physisorption to the carbon surface. Sample loading was measured using TGA analysis to
determine the mass content of ligand.
The majority of physisorption studies used the ligand HDEHP for physisorption, chosen
as the first candidate for this method due to its liquid state and lower water solubility. A
range of HDEHP loadings per sample mass was studied, shown in figure Figure 3.1, and
TGA analysis provided clear mass loss due to the presence of ligand on the MCN surface.
Loadings ranged between 32 and 73 wt %, depending on concentration of HDEHP added
(see Table 3.1). Based on Erin’s preliminary extractions trials, the 44 wt % loaded sample
exhibited the best performance, and was thus used as the target HDEHP concentration in a
secondary round of loadings.
An equimolar quantity of tropolone was used for tropolone samples, otherwise following
the same procedure as HDEHP physisorption. Tropolone-loaded samples were found to
quickly lose their tropolone content when washed with water, decreasing from 18 wt % to
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Figure 3.1: TGA curves for MCN-MSN-10 sample with different loadings of HDEHP









6 32 0.47 0.0015
20 44 0.79 0.0024
100 73 2.70 0.0084
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9 wt % after a single washing. Due to this low retention of ligand in the pores, tropolone
surface loading was not pursued further for physisorption loading but instead in favor of
chemical attachment methods.
3.2 Lithiation of MCN Materials
The method of functionalization in this work is based on a typical organolithium reaction
used in organic chemistry, capable of attaching brominated ligands to the surface of MCNs.
It was developed by Dr. Madhura Joglekar22 as an adaptation of the method employed by
Tessonnier et al. 27 for similar functionalization of carbon nanotubes.
Tropolone (98%, Aldrich) was brominated for use in lithiation following a typical aromatic
radical substitution reaction with N -bromosuccinimide (NBS) as the bromine source. 1 g
(0.008 mol) tropolone and 1.46 g (0.008 mol) NBS were dissolved in 50 mL chloroform.
Bromine formation was observed in solution approximately 1 min after addition of NBS. 1–
2 drops of 48% HBr were added and the solution was refluxed under N2(g) at 60
◦C for 24 h.
Solution was then washed 3–5 times with NaCl brine, and the chloroform phase was collected
and rotovaped to yield a final solid-oil mixture. Bromotropolone products were characterized
using a Varian 1200L GC-MS (Agilent Technologies) with EI ionization, run in a nonpolar
column (Injector temp: 300 ◦C; column flow: 1.2 mL He/min; oven ramp started at 70 C,
hold 1 min, ramp to 300 C at 10 C/min, then hold 5 min). Three isomers of bromotropolone
were found by GC-MS: 3-bromotropolone, 3,7-dibromotropolone, and 3,5-dibromotropolone
(Figure 3.2). The monobrominated isomer dominated the sample based on peak intensities,
with the two dibromo isomers the result of secondary brominations from increased reactivity
due to the presence of HBr in the reaction solution. For phase 1 of the project, no separation
of these isomers was attempted. The primary goal is to determine whether tropolone can be
effectively attached using this technique, and selection of specific attachment point may be
performed in phase 2.
A scheme of the lithiation procedure (adapted from Joglekar et al. 22) is shown in Fig-
ure 3.3. Essentially, n-butyl lithium is used as an extremely strong base and nucleophile
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Figure 3.2: Bromotropolone isomers used for functionalization of lithiated MCNs.
which will react with hydrogens on the surface of the MCNs, yielding lithiated sites on the
carbon surface and n-butane in solution. Due to the extensive aromatic networks present
in MCNs, the lithiated sites are more stable than n-butyl lithium. The reactivity of these
sites is then exploited by adding bromotropolone, which reacts at these sites on the carbon
surface to yield LiBr salt and tropolone bonded to the MCN surface.
Figure 3.3: Overall scheme of lithiation sequence used herein for the functionalization of
MCNs. Adapted from Joglekar et al. 22 .
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For attachment of bromotropolone to the surface of MCN, a previously developed lithi-
ation procedure was modified.22 The reaction was performed under N2(g) using standard
Schlenk line techniques. 0.25 g MCN was dried under vacuum for 21 h, dissolved in 25 mL
diethyl ether (anhydrous, ≥99.7%, Fisher) at −78 ◦C, and stirred rapidly for 15 min. Keep-
ing mixture at −78 ◦C with vigorous stirring, 2.5 mL n-butyl lithium (2.5 M in hexanes,
Sigma) was added dropwise and stirred for 30 min. Mixture was then removed from cold
and allowed to warm freely to room temperature while stirring for 3.5 h. Meanwhile, 1 g
of bromotropolone isomers was dissolved in 20 mL diethyl ether (anhydrous, ≥99.7%) and
freeze-pump-thawed to remove oxygen and water. 18 mL of bromotropolone solution was
then added to the reaction flask, and stirred for 2 h at 40 ◦C. After this, no efforts were taken
to exclude air. Reaction was centrifuged at 8000 g’s for 10 min and the supernatant removed,
then washed 4 times with methanol via repeated centrifugation, and finally air-dried for 23 h
to obtain black powder. Yield was typically around 95% of the initial MCN mass. In all
reactions, an excess of tropolone solution was added to ensure complete reaction with all
reactive sites created on the carbon surface.
Resulting tropolone-functionalized MCN materials, denoted MCN-Trop, were charac-
terized using SEM, TEM, N2 physisorption, TGA, Raman Spectroscopy, and FTIR spec-
troscopy. Surface area and structure were preserved after lithiation, with a 40–50% decrease
in BET surface area and 1 nm decrease in BJH average pore diameter. TGA analysis, shown
in Figure 3.4, exhibiting no clear loss of mass corresponding to tropolone, and mass loss var-
ied widely between samples. Additionally, no clear loss of water was observed below 200 ◦C,
further complicating attempts to determine a tropolone mass loss. Since TGA is known
to be a principally qualitative technique, in order to better quantify surface attachment of
tropolone, titrations will be carried out by Erin in Dr. Braley’s group using 152Eu/154Eu
solution as a selective measurement for the presence of tropolone. FTIR results are not in-
cluded in the followed characterization because no useful information was obtained from the
spectra, which are dominated by noise from a the wide variety of carbon stretches present
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in the sample. This is a commonly reported difficulty in the carbon literature,22,82 and few
papers include any FTIR analysis of their samples.
Figure 3.4: TGA analysis of MCN and MCN-tropolone samples, showing clear water loss for
MCN sample, but no discernible loss of tropolone or water on MCN-tropolone sample.
N2 sorption isotherms of MCNs before and after lithiation are shown in Figure 3.5. The
shape of the isotherm did not change as a result of the lithiation, suggesting a consistent
morphology was maintained following tropolone attachment. Both isotherms exhibit two
hysteresis loops, in the same relative positions, and two peaks in their pore size distributions.
Note that isotherm position relative to the quantity of N2 adsorbed is also a result of total
sample volume, so no comparisons may be made from the positions of the isotherms. Pore
diameter decreased from 7.1 nm to 6.0 nm, expected as a result of coating the surface of
the pores with a layer of tropolone. This decrease in pore size is believed to account in part
for the decrease in surface area from 978 m2/g to 520 m2/g observed after the lithiation,
with reduction of pore order contributing the remaining difference. Of primary interest is
the retention of high surface area and mesoporous character, which was confirmed via TEM
imaging.
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Figure 3.5: N2 physisorption isotherms and pore size distributions (inset) of MCN materials
before and after functionalization.
A comparison of TEM and SEM images before and after lithiation (Figure 3.6) shows the
MCNs to retain both their regular pore structure and hexagonal morphology after function-
alization. A slight increase in particle aggregation was observed in all samples (note attached
particles in Figure 3.6(c) and Figure 3.6(d) compared with more dispersed particles in Fig-
ure 3.6(a) and Figure 3.6(b)), believed to be the result of a small degree of reactive carbon
surfaces bonding to other MCNs during the lithiation procedure. This is also likely to have
contributed to the observed decrease in particle surface area.
Having determined the surface area and particle morphology to survive the lithiation with
minimal damage, Raman spectroscopy (shown in Figure 3.7) was employed to investigate
the nature of the carbon material. Raman spectra were recorded using a WITEC Alpha 300
confocal microscope equipped with a 532 nm excitation laser. By comparing the relative
intensities of the defect peak (D–band, 1352 cm-1) and graphitic peak (G–band, 1585 cm-1),
the graphitic character of the carbon may be determined.4,22,27,36,83 Specifically, the ratio
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(a) TEM image of base MCN material. (b) SEM image of base MCN material.
(c) TEM image of MCNs after functionalization with
tropolone.
(d) SEM image of MCNs after functionalization with
tropolone.
Figure 3.6: Representative TEM and SEM images of MCNs before and after functionalization
with tropolone via lithiation.
29
between peak intensities, ID/IG, indicates the degree of graphitization, with lower ratios (i.e.,
IG being larger) indicating greater graphitization. Note that MCNs are not fully graphitic,
but rather best described as non-graphitic carbon10 due to their typical lack of peaks in the
standard XRD region. Thus the term ‘graphitic’ is used here to loosely describe the level of
graphene domains which are present in the MCNs. The D– and G–bands are labeled for MCN
in Figure 3.7(a), and a comparison of their relative intensities yields a ratio of approximately
1, indicating that the MCN material is composed of an equal mixture of graphitic and defect
regions. It is believed to be these defect regions which provide the majority of binding
sites during lithiation, and an increase in the defect peak is expected as a result of the
lithiation. However, an unexpected complication was encountered when measuring MCN-
Trop samples: the surface tropolone groups fluoresce at the excitation wavelengths, and the
resulting background rise (Figure 3.7(b)) eclipses the D– and G–band peaks in most samples
measured. While the peaks may still be seen in some samples, there is too much background
noise present and too much inconsistency between samples to make solid conclusions based
on the data. Since 532 nm is known to excite a number of organic molecules, an attempt
was made to collect Raman measurements using a 1064 nm excitation laser. Unfortunately,
it was found that the black MCN material adsorbed too much radiation at this wavelength,
yielding no detectable Raman single. Since precise knowledge of the surface character of the
MCN materials is not necessary for the first several phases of this project, the matter was
set aside for later pursuit. It may also be possible to exploit this florescence to measure the
presence of tropolone on the surface of MCNs, although florescence measurements of a solid
black powder will take some development.
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(a) Raman spectrum of MCN materials. D and G band can be cleared distinguished.
(b) Raman spectrum of MCN-Tropolone. Note the substantial background rise as
a result of tropolone fluorescence. D and G band appeared inconsistently between
measurements and samples.





Since the overall purpose of this project is to better understand how material properties
effect separations, separations experiments are naturally necessary. Our collaborator Erin
Bertelsen in Professor Jenifer Braley’s group has begun this work as the beginning of her
graduate studies. As of this writing, a few preliminary separations tests of the HDEHP-
loaded MCN materials have been performed. These compared the effectiveness of HDEHP-
loaded MCN with LN resin, the material currently used in industrial separations methods
which contains 40% HDEHP by weight.
For these preliminary separations experiments, 5 mg of each sample was used, and the
loadings were normalized to the mass of HDEHP present in the sample. This accounts for the
difference in HDEHP loading between MCN and Ln resin, as well as the different loadings
tested between MCN samples. A range of nitric acid concentrations were spiked with 5 µL
152Eu/154Eu solution at room temperature. The Eu content was measured by γ-activity.
Ln or MCN was then mixed with the solution, removed by filtration, and the final solution
activity was measured to determine the quantity of Eu remaining in solution. A plot of
the results of one of the first separations experiments is shown in Figure 4.1. No error bars
are given for MCN since only one sample was measured, while 3 samples were measured for
LN resin. 45% loading of HDEHP onto MCNs showed the best separations results among
samples. This preliminary separations data shows an improvement over the currently used
Ln resin materials, suggesting that mesoporous carbons materials out-perform the polymer
used in the resin. Further separations and extractions results shall reveal whether this trend
continues.
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And so my part in this tale of science comes to an end. The majority of the phase
one materials synthesis is complete, although much separations work remains. Two meso-
porous carbon nanoparticle morphologies, CMK-3 and MCN-MSN-10, were synthesized and
used as supports for HDEHP and tropolone extraction ligands. Characterization showed
these materials to exhibit high surface areas, regular ordered pore morphologies, relatively
homogenous pore size distributions, and high graphitic character. Both ligands were suc-
cessfully physisorbed to the surface, and tropolone was further chemically attached using a
novel lithiation method of carbon functionalization. Ligand physisorption was found to vary
depending on the concentration of ligand added to the MCN sample, with 45% HDEHP
loading exhibiting the best separations performance. Tropolone attachment via lithiation
requires further characterization to determine loadings, but is expected to correspond to
near-complete surface coverage of reactive sites. Material morphologies and high surface
areas were preserved after lithiation, although a higher degree of particle aggregation and
40% decrease in overall surface area was observed. Average pore diameters also decreased
by 1 nm, believed to correspond to the formation of a monolayer of attached tropolone on
the pore surfaces.
5.1 Future Work
Ever in scientific endeavors does there remain yet more to be discovered.
Only phase 1, as I have been calling it herein, of this project has been completed. There is
a great deal of materials synthesis which remains to be done, and even more separations work,
to provide the desired fundamental understanding of the relationship between porosity and
extraction performance. This section is included in part to provide insight into where this
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research may proceed, and in part to provide a general guide for those who carry on phases
2 and 3 (whatever those may be). There are three general areas of future work: materials to
explore, separations and extractions to run, and additional ligands to test. The separations
choices I leave to the discretion of our collaborators, Dr. Braley and Erin Bertelsen, but I
can think of numerous paths for the materials side of the project.
5.1.1 Further Materials Syntheses
There are many routes to explore here. Principle among them are soft-templated MCNs,
as well as one or two other hard templating methods. More CMK-3 samples should be
synthesized and compared to support the general goal of comparing various morphologies
to provide insight into how these properties correlate to separations results. Other hard
templates, such as KIT-5 and KIT-6, are also worth investigating for this purpose, as well
as commercially available MgO templated MCNs. However, the main area I think should
be explored further is soft-templated syntheses. Mesoporous carbons as a field has generally
moved in this direction, and for the purposes of this project, soft-templating methods allow
for the exploration of diverse morphologies, pore sizes, surfaces areas, and incorporation
of numerous heteroatoms, both metal and non-metal. There are many possible options to
explore here, including spheres, rods, worms, monoliths, and films, which should be both
fun and interesting to synthesize and provide insight into the effects of particle morphology
on lanthanide uptake. Furthermore soft-templating methods are much faster than hard-
templating ones, and are likely to be the route of choice should this procedure one day
be commercialized. Additionally, activated carbons ought to be maintained as controls
throughout the remainder of the project.
5.1.2 Additional Ligand functionalizations
Several routes are also available for other ligands to test, although they are comparatively
fewer. HDEHP is the next obvious choice for chemical attachment, being one of the ligands
chosen for investigation at the onset of this project. First a method must be determined for
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attaching it to the carbon surface, preferably using lithiation but considering other methods
should that prove unfeasible. Bipyridine is another candidate, mostly because it should be
quick and easy to attach and can serve a useful role as a control material, or possibly as a
general extraction ligand.
Tropolone attachment also needs to be explored further, particularly in regards to at-
tachment point: selection of different bromo-isomers, with different orientations relative to
the carbon surface, needs to be tested to determine if such orientation effects separations
results. Attachment to activated carbon as a control material also remains undone.
5.2 Closing
So there you have it, whoever has through read to the end of this thesis. Our first phase
of work has been promising, with MCNs being functionalized for separations and extractions
and showing improved uptake of Eu in the first separations tests. There is far more to be
explored for these materials, and understanding to be gained about how their ordered pore
structures relate to their extraction and adsorption properties. I wish the best of fortunes
to whomever carries this torch of discovery onward.
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Schlögl. Defect-mediated functionalization of carbon nanotubes as a route to design
single-site basic heterogeneous catalysts for biomass conversion. Angewandte Chemie
International Edition, 48(35):6543–6546, 2009. doi: 10.1002/anie.200901658. URL
http://dx.doi.org/10.1002/anie.200901658.
[28] Igor A. Pašti, Nemanja M. Gavrilov, Ana S. Dobrota, Milan Momčilović, Marija
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